rain metastases develop in 20%-40% of patients with systemic cancer and are a major cause of morbidity and mortality in these patients. 2, [24] [25] [26] 34 The incidence appears to be increasing due to improved neuroimaging technology and improved systemic disease therapies. These advances have resulted in an earlier diagnosis and longer survival from the primary cancer.
For patients with a limited number of brain metastases (≤ 4 lesions), there is Level I evidence that the addition of radiosurgery to WBRT increases overall survival and results in improved local tumor control. 2, 42 In addition, radiosurgery alone has been shown to produce similar survival and less cognitive decline than radiosurgery plus WBRT, albeit with lower local and distant control rates of intracranial disease. 3, 7, 20 The most important prognostic factors for patients with ≤ 4 metastases are KPS score, age, extent of extracranial metastatic disease, extent of systemic disease control, number of intracranial lesions, and intracranial tumor burden. 2, 11, 13, 23, 33 Recently, there has been increasing interest in offering GKS to patients with a more extensive intracranial disease burden (≥ 5 metastases) as an upfront treatment or in combination with WBRT. 1, 17, 31 There are a limited number of studies that have evaluated the outcomes of patients with ≥ 5 brain metastases treated with GKS. In most retrospective series, a higher number of metastatic lesions has not been shown to change survival for patients with ≥ 5 brain metastases. 4, 8, 18, 29 In addition, our initial analysis in a smaller group of patients with ≥ 5 metastases (64 patients) determined that a lower KPS score was predictive of survival and was suggestive that GKS may also have a role in treating this group of patients in addition to WBRT. 16 In this study, we evaluated the impact of GKS treatment on overall survival in patients with ≥ 5 brain metastases. To our knowledge, this is the largest reported series in which this group has been evaluated. We also examined associated factors to determine their effect on patient outcomes.
Methods
A retrospective review of patients with ≥ 5 brain metastases treated with GKS at the Cleveland Clinic Gamma Knife Center between 1997 and 2010 was performed. Patients were included if they were ≥ 18 years old and had ≥ 5 metastatic brain lesions treated with GKS during a single session. Patients who had no clinical or imaging follow-up after GKS were excluded.
Patient Characteristics
One hundred seventy patients were identified as having met the inclusion criteria. The median age of these patients was 58 years (range 18-81 years) at the time of treatment with GKS. There were 94 female (55%) and 76 male (45%) patients. The most frequent primary disease was lung cancer (49%), followed by breast cancer (20%) and melanoma (16%). The median time between diagnosis of the primary tumor and neurological involvement was 1 year (range 0-18 years). In 34 patients (20%), concurrent brain metastases were diagnosed at the time of the primary diagnosis. The median interval from neurological involvement to treatment with GKS for ≥ 5 lesions was 5.1 months (range 0-49 months). In 60 patients (35%), the first neurological presentation was associated with ≥ 5 brain metastases. There were 102 patients (60%) who had a history of previous treatment for brain metastases (single treatment or combined therapies) before treatment with GKS for ≥ 5 brain metastases. In those patients who had undergone treatment earlier, the median interval between the most recent treatment and GKS for ≥ 5 lesions was 6.2 months (range 1-48 months). In the months prior to GKS, 96 patients (56%) received chemotherapy for active systemic disease. In more than half of the patients (56%), there were no other systemic metastases at the time of the initial diagnosis of metastatic disease to the brain, whereas at the time of GKS treatment for ≥ 5 lesions, 75% of patients had other extracranial metastases. The median KPS score in the patients was 80 (range 60-100). There were 25 RPA Class I (15%), 135 RPA Class II (79%), and 10 RPA Class III patients (6%). For the 60 patients who were treated with upfront GKS for ≥ 5 brain metastases, the RPA classification was as follows: 13 patients in RPA Class I (22%), 45 patients in RPA Class II (75%), and 2 patients in RPA Class III (3%). Approximately half of the patients had a GPA score > 1 ( Table 1) .
Treatment Details
During the study period, GKS was performed using Gamma Knife models B, C, 4C, and Perfexion (Elekta AB). Our standard protocol began with frame application after the patient had been administered a local anesthetic agent and an intravenous sedative/anxiolytic. After the frame was applied to the patient's head, high-resolution, contrast-enhanced MRI (if not clinically contraindicated) and CT scanning of the brain were performed in all patients. Treatment planning was performed on volumetric, contrast-enhanced MR images (1-mm slices) and was supplemented by contrast-enhanced T1-weighted imaging (2-mm slices). In all cases, MR-CT image matching was performed to enhance accuracy and eliminate possible distortions of MRI sequences. The Radiation Therapy Oncology Group 90-05 dosing protocol was used as the treatment guideline, and all lesions were treated at 50% or higher isodose lines. 30 Patients had initial follow-up with a clinic visit and repeat MRI 4-8 weeks after GKS and subsequently every 3 months. This study was approved by the Cleveland Clinic Institutional Review Board.
Statistical Analysis
Patient characteristics were summarized using frequency counts and percentages for categorical factors and by using medians and ranges for continuous factors. Patients were also categorized by their RPA 12 and GPA 35 classes. For convenience, a recursive portioning algorithm was also used to find optimal cutoffs for maximum tumor diameter and tumor volume. Overall survival, measured from the date of GKS to the patient's death or last followup, was the primary outcome. Progression-free survival was a secondary outcome measure and was calculated from the time of GKS to the time of documented tumor recurrence (local or distant). Both outcomes were summarized using the Kaplan-Meier method. The log-rank test and proportional hazards model were used for univariate comparisons of overall survival. The proportional hazards model, in conjunction with a stepwise selection algorithm that used p = 0.10 and p = 0.05 as the criteria for entry and retention in the model, respectively, was also used in a multivariate analysis to identify independent prognostic factors. Data analyses were performed using SAS version 9.2 (SAS Inc.).
Results
In patients with ≥ 5 brain metastases, GKS was used as the sole upfront treatment in 32 patients (19%), as a boost to upfront WBRT in 28 patients (16%), and as salvage treatment in 110 patients (65%). Whole-brain radiation therapy had been performed previously in 92 patients (54%). Of those patients who had received WBRT, 22 patients (13%) received both GKS and WBRT. In addition, in 16 patients (9%) GKS was the sole treatment. The median number of targets treated at each GKS session was 6 (range 5-20 targets), and a total of 1101 metastatic brain lesions were ) and the median maximum dimension of the largest treated target was 1.8 cm (range 0.5-5.1 cm).
Patient Outcomes
The median duration of follow-up was 6.2 months after GKS for ≥ 5 lesions (mean 7.2 months, range 1-56 months), and 148 patients (87%) died during the follow-up period. Neurological disease progression was the primary cause of death in 39 patients (26%), and systemic disease progression was the cause of death in 57 patients (39%). Notably, in 35% of patients, the cause of death could not be determined due to incomplete chart documentation and/or the lack of recent imaging studies. As our center is a tertiary referral center, some patients return to their local hospitals for oncological treatment and the cause of death in these patients is difficult to determine. The median survival times were 29 months (range 1-237 months) after diagnosis of the primary tumor, 13 months (range 1-106 months) after neurological involvement, and 6.7 months (range 1-66 months) after GKS for ≥ 5 lesions. The median survival times were 6.4 months after upfront GKS, 6.5 months after GKS was added to upfront WBRT, and 6.8 months after salvage GKS (p > 0.05). At the time of the last follow-up, 22 patients were still alive with controlled intracranial disease (median follow-up 5.4 months). Estimated 6-month and 1-year survival rates were 56% and 26%, respectively.
Imaging-verified disease progression occurred in 87 patients (51%) during the follow-up period. Isolated local recurrences occurred in 6 patients (3%), local and distant recurrences occurred in 13 patients (8%), and isolated distant recurrences occurred in 68 patients (40%). One (17%) of 6 patients with isolated local tumor recurrences, 2 (15%) of 13 patients with both local and distant tumor recurrence, and 15 (22%) of 68 patients with isolated distant recurrences had no prior history of WBRT. The median time to imaging-verified disease progression was 2.1 months (range 1-51 months). Six-month and 1-year estimated progression-free survivals were 25% and 13%, respectively. Kaplan-Meier curves for overall and progression-free survivals are shown in Fig. 1 .
Multivariate analysis revealed that several factors were significant independent predictors of poor prognosis (Table 2 ): 1) lower KPS score at the time of treatment (p < 0.0001); 2) concurrent extracranial metastases to multiple organs other than the brain (p = 0.0001); 3) patient age ≥ 60 years (p = 0.004); and 4) greater intracranial burden of disease (p = 0.03) (Fig. 2) .
After GKS had been performed for ≥ 5 brain metastases, salvage treatments were performed in 57 patients (34%). Whole-brain radiation therapy was performed after GKS in 28 patients (16%) without a prior history of WBRT. Salvage GKS was performed alone or in combination with WBRT in 38 patients (22%), and salvage surgery was performed in 5 patients (3%). Intralesional hemorrhage after GKS occurred in 4 patients (2%), all of whom were treated conservatively with expectant management and none of whom required any surgical intervention. Presumed radiation necrosis (diagnosis based on findings on MR perfusion studies or PET scan characteristics) occurred in 9 patients (5%). There was no GKSrelated mortality in the patients in the study group.
Discussion
Whole-brain radiation therapy has been considered the primary treatment modality in patients with ≥ 5 brain metastases. 40 Given that WBRT is typically performed only once and that most patients with ≥ 5 brain metastases are patients who have recurrent intracranial disease (64% in our series), a large number of these patients will already have received WBRT as part of their primary treatment (54% in our series). If radiosurgery is not offered as an additive treatment, supportive medical management is usually the only remaining option and is associated with a survival time of 1-2 months. 15, 41, 44 In our series, the median survival time for patients with tumor recurrence after prior WBRT was 7.1 months, which is a better survival time than those reported historically after medical management.
For patients without prior WBRT, the role of upfront WBRT as part of the treatment paradigm for multiple brain metastases is still debated. In 2011, Tsao et al. 38 performed a meta-analysis of RCTs evaluating radiosurgery, WBRT, and combination treatment for patients with ≤ 4 brain metastases. Two RCTs comparing WBRT alone with WBRT plus a radiosurgery boost, 2, 21 and three RCTs comparing radiosurgery alone with radiosurgery plus WBRT, 3, 7, 20 were evaluated. In two RCTs 2,21 comparing WBRT alone with WBRT plus radiosurgery, no survival benefit was observed in patients with multiple (2-4) brain metastases when radiosurgery was used as a boost to WBRT (HR 1.63; 95% CI 0.72-3.69; p = 0 0.24). For patients with a single brain metastasis, one study demonstrated a statistically significant improvement in overall survival when a radiosurgery boost was added to WBRT (median survival time 6.5 months vs 4.9 months, p = 0.03). 2 On the other hand, all three RCTs 3, 7, 20 that evaluated radiosurgery versus WBRT plus radiosurgery reported that no survival benefit was obtained by adding WBRT to radiosurgery in patients with 1-4 brain metastases. Pooled data from two studies (Aoyama and Chang and their colleagues) 3, 7 again showed no survival benefit obtained by adding WBRT to radiosurgery (HR 0.98; 95% CI 0.71-1.35, p = 0.88). Both local and distant tumor control rates were much better when a combination of radiosurgery and WBRT was given to all patients; however, no significant difference in neurological cause of death was found when the combined treatment was compared with WBRT or radiosurgery alone.
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In addition, Chang et al. 7 reported better neurocognitive outcomes in patients with a limited number (≤ 3) of brain metastases when radiosurgery alone was used without adjuvant WBRT.
For patients with ≥ 5 brain metastases, there is no Level I evidence comparing the impact of WBRT versus radiosurgery on overall survival. Current evidence is limited to a few retrospective studies in which overall survival after radiosurgery was evaluated. 4, 8, 18, 22, 28, 32, 43 Specifically, findings of most retrospective studies have not revealed a survival difference when patients with higher numbers of metastases are treated. Serizawa et al. 28 performed a retrospective study of 778 patients with 1-10 brain metastases who were treated with SRS and concluded that the number of brain tumors has no effect on survival, whereas the extracranial disease burden, lower KPS score, and male sex are factors associated with a poor prognosis. Bhatnagar and colleagues 4 reviewed the outcomes of 205 patients with ≥ 4 metastatic brain lesions treated with radiosurgery and found no difference in survival as the number of lesions increased. However, they did find that the total intracranial tumor volume, patient age, and RPA class were significant prognostic factors. Karlsson et al. 18 reported a series of 1885 patients with brain metastases (1-8 lesions) treated with SRS over a 30-year period. Those authors found no survival difference as the number of lesions increased in patients with > 2 metastases, while control of the primary tumor was significantly associated with improved survival. Other groups have similarly found no relation between the number of brain metastases and survival. 8, 22, 32 Furthermore, Suzuki et al. 36 and Kim and colleagues 19 reported relatively favorable survival outcomes and complication rates in patients with > 10 brain metastases treated with SRS. In contrast, Yamamoto et al. 43 reported a series of 1676 patients with 1-85 brain metastases and concluded that the number of lesions did have a statistically significant impact on survival. However, 85% of their patients died of nonneurological causes, which highlights the fact that most patients die of systemic disease progression rather than neurological disease progression.
Current evidence suggests that WBRT may not be the sole therapeutic option for patients with ≥ 5 brain metastases. First, in patients with a limited number of brain metastases (≤ 4), there is Level 1 evidence that no survival benefit is conferred by addition of WBRT to upfront radiosurgery. 3, 7, 20 Furthermore, in patients with a single brain metastasis, the addition of SRS to WBRT confers a survival benefit.
2 Second, multiple retrospective studies have revealed no significant survival difference in patients with multiple brain metastases as the number of metastases increases. 4, 8, 18, 22, 28, 32 Hence, either SRS alone or a SRS boost to WBRT may be a reasonable option for upfront treatment of patients with ≥ 5 brain metastases who have no previous history of WBRT. In addition, postponing WBRT may be of particular importance in preventing neurocognitive decline in patients with a clinical profile predictive of longer survival (the median survival time in 30 patients with 0-1 poor prognostic factors was 16.3 months in our study). 7, 10 In 1997, Gaspar et al. 12 performed an RPA on 1200 patients with brain metastases from 3 Radiation Therapy Oncology Group trials and determined 3 different classes based on patient age, KPS score, and systemic disease status. Although the analysis was performed in patients who were treated with WBRT as the initial therapy, the same prognostic factors have also been shown to be predictive in most studies in which SRS was used as a treatment modality. [1] [2] [3] [4] [5] [18] [19] [20] [21] [22] [23] 25, 28, 29, 33, 35 For patients with multiple lesions (≥ 4), Bhatnagar et al. 5 performed an RPA on a series of 205 patients and found that the total intracranial burden of disease was an important prognostic factor for patients with multiple brain metastases. In our series a lower KPS score at the time of treatment, age > 60 years, multiple extracranial metastases, and greater total intracranial burden of disease were independent predictors of poorer survival after GKS for ≥ 5 lesions.
Our series shows that GKS is a valuable, effective, and well-tolerated treatment modality for patients with ≥ 5 intracranial lesions. In this group of patients, especially those with favorable prognostic factors, GKS can be offered (with or without WBRT, depending on prior treatment and clinical decision making) for treatment of intracranial metastases irrespective of the number of presenting lesions.
There were some limitations in our study. First, we had a heterogeneous group of patients with upfront and salvage treatments and different diseases. Wherever possible we have tried to eliminate these confounding effects by using appropriate statistical methods. Of note, we did not find any significant influence of most of them (for example WBRT) in our final results (Table 1) . Also, despite the fact that our inclusion/exclusion criteria were designed liberally to include almost all patients who underwent GKS for ≥ 5 brain metastases, this design cannot completely eliminate the selection bias that is common in nonrandomized studies nor account for evolving management strategies over time. Hence, there may be a bias in selecting patients with better prognoses for GKS, a feature acknowledged in our final conclusion. Third, the presumed advantage of GKS in preserving neurocognitive function has not been addressed in this study, and sufficient information is lacking in this series to draw any conclusions regarding this in the patient cohort. Further, no recommendations can be made regarding the upper limit of metastases appropriate for treatment with GKS. These features were beyond the scope of the current study and need to be addressed in future efforts. Finally, the cost-effectiveness of the more expensive GKS (versus WBRT) compared with its potential benefits as an upfront therapy in patients with ≥ 5 brain metastases should be evaluated in a controlled prospective study.
Conclusions
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